This study proposes a novel method for the fabrication of paper-based microfluidic devices using laserinduced selective thermal reflow for wax penetration. A layer of wax was evenly deposited on the front side of a filter paper; then a low-cost diode laser was used to scan the designed area from the back side of the filter paper. At the laser irradiated spot, the wax was heated, melted down and penetrated through the whole thickness of the filter paper, and formed hydrophobic barriers on the hydrophilic cellulose fibers. The patterned hydrophobic wax barriers on the filter paper defined the flow path of the fluid for the paperbased microfluidic device. Compared with conventional two-step (deposit and reflow) approaches for paper-based microfluidics using wax barriers, e.g. wax printing, stamping or photolithography, the proposed fabrication protocol achieved wax patterning and reflow simultaneously, conducted during the laser scan process, and without the requirement for any sophisticated instruments or a cleanroom environment. A series of tests were also conducted for the characterization of the proposed paper-based microfluidic device fabrication technique. The fabrication technique used in this approach could have broad application potential in point-of-care diagnosis and testing, especially for applications in the developing world.
Introduction
Compared with microuidic devices fabricated with silicon, glass or polymer materials, the paper-based microuidic analytical device (mPAD) has advantages in fabrication cost, weight, and the lack of requirement of a pump to drive the uid. Since the invention of paper-based microuidics on 2007, 1 the mPAD has been widely used in life science, 2,3 medical, 4 environmental 5 and chemical 6 elds. With the signicant low-cost, the mPAD is considered to be one of the most promising rapid point-of-care diagnosis approaches for the developing world.
The conventional bulk paper material (i.e. cellulose ber) is usually hydrophilic and the uid could easily propagate within the cellulose ber with the help of capillarity force. The typical strategy of fabricating paper-based microuidics is to dene the hydrophobic barriers inside the bulk cellulose ber to constrain (control) the propagation path of the uid. Currently, various fabrication approaches have been invented for paper-based microuidic devices, the techniques to apply/deposit the hydrophobic barriers include wax printing, 7 photolithography, inkjet printing, 9 stamping, 10 3D printing, 11 and paper cutting.
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Wax is one of the most commonly used materials to form hydrophobic barriers in cellulose ber, since the wax has the advantages of easy accessibility, ultra-low-cost, non-toxicity, and ease of processing with heat. Several approaches have been made for the deposition of designed wax patterns on the surface of bulk paper material, including wax printing, 13 wax screenprinting, [14] [15] [16] wax stamping, 17 wax dipping, 18 wax jetting, 19 and even hand painting with crayon. 20 Aer the deposition of designed wax patterns, a thermal reow process is usually required using a hotplate to allow the wax to penetrate through the whole thickness of the paper. However, for wax deposition methods for the paper-based microuidics mentioned above, the sophisticated instruments or complicate lithography procedures were usually required to deposit the designed wax pattern.
Lasers have been widely used for the fabrication of polymer or glass-based microuidics; the violent temperature rises on the laser focused spot causes the material to melt down and evaporate rapidly, and continued laser scans on the surface of material could be used to fabricate microchannels on polymer, glass and silicon materials. The most commonly used laser device include the CO 2 laser and UV laser, the CO 2 laser is commonly used for the direct ablation of microchannels with a Gaussian-like prole on thermoplastics, 21 and the UV laser is usually used for the fabrication of glass-based microuidics.
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In this study, a custom-made low-cost diode laser was used for the fabrication of paper-based microuidics; compared with the CO 2 or UV laser, the power output of a diode laser is usually not strong enough to directly evaporate the materials. Thus the application of diode lasers is rarely reported in the microuidics eld for device manufacture.
In this study, a novel fabrication method for paper-based microuidics is proposed, a layer of unpatterned wax was evenly deposited on the front side of the lter paper, and a low-cost custom-made diode laser was used to apply the selective thermal reow with the irradiation from the back side of the lter paper. In the selective thermal reow process, the wax on the irradiated spots was melted down and penetrated through the whole thickness of the paper and nally formed hydrophobic barriers. Compared with the previous approaches for paper-based microuidics using wax, the proposed method is even more simple and straight forward, without a cleanroom environment or sophisticated instruments.
Fabrication

Materials and instruments
The lter paper used in this study is Whatman 1001-090, Whatman plc, United Kingdom, which is one of the most commonly used material for paper-based microuidics. 23, 24 The wax used in this study is solid wax ink sourced from Xerox, Connecticut, USA, with the part number 108R00929. However, the proposed fabrication method for paper-based microuidics is adaptable for various mineral waxes and petroleum waxes with the control of laser power and scan speed.
For the instruments used in this study, a custom-made diode laser system was used to trigger the wax penetration, the system contains a diode laser head (OPT-A-B1000, Sharp Corporation, Japan), two stepping motors (BS42HB38-01, SANYO Electric Co. Ltd, Japan) with an Arduino microcontroller. A commercial wax printer (ColorQube 8570, Xerox, Connecticut, USA) was used to apply the wax layer on the lter paper. For the characterization of the fabricated wax patterns, a laser confocal microscope (OLS4500, Olympus, Japan) was used to obtain the 3D prole in the micro-scale for the paper-based microuidic devices.
Fabrication procedure
The fabrication procedure of the proposed paper-based microuidics is shown in Fig. 1 . The blank lter paper was evenly printed with a layer of evenly distributed wax (with a thickness around 50 mm) using a commercial wax printer (Fig. 1b) , however, there are several other options to deposit a layer of wax, e.g. with screen-printing 25 or even hand painting with crayon.
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The lter paper covered with a wax layer was then ipped over, and a custom-made diode laser scan system was used for the scan of designed patterns on the back side (the side without wax) on the lter paper (shown in Fig. 1c) . The wavelength of the diode laser is 445 nm with an output power of 1 W, the moving speed of the laser head is 100 mm s À1 . The laser head could be programmed to move in a plane with the control of step motors. During the laser scanning process, the irradiated spot on the surface of paper has a signicant rise of temperature, causing the wax material on the other side of the lter paper to melt down and penetrate through the whole thickness of the lter paper to form the hydrophobic barriers for paper-based microuidics (shown in Fig. 1d ).
The custom-made diode laser system used in this approach is shown in Fig. 2 , the position of the diode laser head was controlled by two step motors moving in a plane. For the planning of the laser scan route, the pattern (region) requiring a laser scan was designed with AutoCAD 2018 (Autodesk, Inc.) and then transferred to Mastercam X9 (CNC Soware, Inc.). With the help of the milling module, the route planning was automatically conducted, and the generated G-code was nally sent to a control panel for the control of step motors during the laser scan process.
Results and discussion
A commercial wax printer was used to apply an evenly distributed layer ($50 mm in thickness) of wax, and then applied to the diode laser ablation process with a laser power of around 1 W. Fig. 3 shows the front and back side of the lter paper covered with a wax layer aer the laser scan. As shown in Fig. 3 , the wax at the laser treated area penetrated through the whole thickness of the lter paper due to the thermal reow caused by laser ablation. The wax pattern that penetrated throughout the whole thickness of lter paper formed the hydrophobic barriers (e.g. reservoirs and channels) for the paper-based microuidics. For the paper and wax material used in this approach, a diode laser with a wavelength of 445 nm and a power of 1 W was found to be suitable to trigger the wax reow without causing burning and evaporation of the paper and wax. However, the thickness of the wax layer, laser power, and scan speed need to be adjusted when using different papers to ensure the wax could penetrate through the whole thickness of the lter paper.
The testing of the fabrication accuracy (resolution) for the proposed paper-based microuidics fabrication technique was Fig. 1 The procedure of the proposed fabrication technique for paper-based microfluidics: (a) blank filter paper; (b) application of an evenly distributed wax layer; (c) laser scan on the back side of the filter paper; (d) the wax penetrated through the whole thickness of the filter paper. also conducted in this study. As shown in Fig. 4a , the minimum dimension of the wax barrier that could be achieved on the back side of the lter paper is 0.5 mm, and the minimum width of the effective wax barrier (the one that could completely block the uid ow in cellulose ber) is 1 mm. Fig. 4b shows a series of channels fabricated on the back side of the lter paper aer laser ablation; the results show that the minimum width of the microchannel could be achieved with the proposed fabrication technique is 0.3 mm.
For the demonstration of the proposed fabrication technique for paper-based microuidics, a universal pH test mPAD was fabricated as shown in Fig. 5 . Fig. 5a shows a laser confocal microscope image for the front side of the lter paper aer wax deposition and laser treatment, due to the reow and penetration of the wax material during the laser treatment process, the laser treated area sunk around 10 mm aer wax reow and penetration. For the universal pH test mPAD shown in Fig. 5 , various color changing compounds (Congo red, methyl red, malachite green, phenolphthalein, thymol blue, and bromothymol blue) were applied at various testing reservoirs and dried. Fig. 5b and c show the color changes of the testing reservoirs when applying one drop ($20 mL) of sodium carbonate solution in DI water (0.94 mol L À1 ).
A simple mPAD for the detection of glucose was also fabricated for the demonstration of the proposed technology (shown in Fig. 6 ). The designed wax pattern was printed on the Whatman lter paper, and then the thermal reow of wax was conducted using a diode laser with a power of 1 W and a moving speed of 100 mm s À1 . Fehling's solution was sourced from
Sigma-Aldrich (7758-97-7), the sucrose solution was prepared with a concentration of 10 mmol L À1 , and the glucose solution Fig. 2 The custom-made diode laser ablation instrument for the fabrication of paper-based microfluidics. was also prepared with a concentration of 10 mmol L À1 . During the test, 30 mL of Fehling's solution was added to each of the reservoirs numbered from 0 to 6 using a pipette, aer that, 30 mL of sucrose solution was added to reservoir 1, while 30 mL of glucose solution was added to the reservoirs numbered 2 to 6 (shown in Fig. 6b ). Since Fehling's solution only reacts with reducing sugars (e.g. glucose), a chromogenic reaction between the aldehyde and the copper(II) ions occurred in reservoirs 2 to 6, resulting in a brick-red insoluble copper oxide (shown in Fig. 6c ).
Conclusions
This study introduced a novel, simple and rapid method for the fabrication of paper-based microuidic devices using diode laser induced wax penetration. Compared with previous approaches for forming hydrophobic wax barriers on paper material using a two-step approach (wax patterning and wax reow), e.g. wax printing or wax stamping, the proposed technique only requires an ultra-low-cost diode laser that could achieve wax patterning and wax reow simultaneously during the laser scan process. Other advantages of the proposed study include the low-cost and non-toxicity of the wax material, and also the easy adaption to various applications. However, the disadvantage of the proposed technique is the relatively low resolution compared with conventional photolithography fabrication methods. The proposed fabrication technique for paper-based microuidics could have potential in broad applications for low-cost point-of-care testing and diagnostics, especially in developing countries. The fabricated mPAD for pH tests: (a) the laser confocal microscope image for the laser scanned pattern on the front side of the filter paper; (b) the application of various reaction reagents for the pH test; (c) the color-change reactions on mPAD after applying sodium carbonate. Fig. 6 The fabricated mPAD for the detection of glucose using Fehling's solution: (a) mPAD after wax printing and laser-induced penetration; (b) Fehling's solution, sucrose solution and glucose solution were added to the reservoirs using a pipette; (c) a chromogenic reaction occurred between Fehling's solution and glucose (in brick-red) in reservoirs 2 to 6.
